P atient frailty has been defined as a decreased reserve and resistance to stressors, with decline across multiple physiological systems, and is a common end point in human senescence.
ers of frailty, namely sarcopenia, have been successfully used to predict postoperative morbidity and mortality following major surgery, 9, 10, 17, 28, 40, 46, 56 including lumbar spine surgery. 57 Morphometrics is the measurement of patient attributes that are indicative of sarcopenia and, by extension, frailty.
In terms of oncological surgery, the observation has consistently been that patients who are sarcopenic not only have increased rates of postoperative morbidity and mortality, but also have shorter progression-free survival. 19, 23, 37, 46 The relationship between increased muscle mass and disease-free survival has even been observed in oncological patients who have not undergone any cancer surgery. 13, 16, 24, 38, 44, 50, 55 This is a notable observation, as current methodologies for predicting oncological outcomes rely solely on histological grade of the malignancy and its TNM Classification of Malignant Tumors (TNM). Identifying more accurate and specific markers of survival would enable oncologists to discern which patients are appropriate candidates for a particular treatment, be it chemotherapy, radiation, surgery, or palliation.
In this study, we applied morphometric analysis of psoas muscle size to predict oncological outcomes in patients who have had lung cancer metastases to the spine. In our previous work, we identified patients who were at higher risk of postoperative morbidity after lumbar spine surgery by using the psoas area as a marker for sarcopenia. 57 Our hypothesis is that patients with lung cancer metastasis to the spine will have shorter survival if they have less lean muscle mass as measured by the psoas area.
Methods

Data Acquisition
This study was approved by the Henry Ford Hospital Institutional Review Board. Using a retrospective registry of patients with spinal metastases from 2002 to 2012 who had undergone stereotactic body radiation therapy, we reviewed and identified a population of patients diagnosed with primary lung cancer. This review included all histological subtypes of lung cancer. Additional treatments such as radiation therapy or chemotherapy were inconsistently documented and therefore not included in data acquisition. It should be noted, however, that most patients with lung cancer would have received radiation therapy to the primary site with some form of chemotherapy.
Morphometric Analysis
The full extent of our methodology for morphometric analysis has been described previously. 57 Briefly, morphometric measurements were taken of the psoas muscle at the L-4 level, and a Philips ePACS viewer was used to measure the circumference (in cm 2 ) of each patient's psoas muscles. In addition, the L-4 vertebral body area was measured and recorded in similar fashion. Measurements were made using the patient's most recent CT scan of the lumbar area. Psoas muscle sizes were divided into tertiles according to total psoas area. Because the psoas measurements were dependent on sex, the tertiles for left, right, and total psoas were computed within the male and female cohorts separately using different cutoff points. In addition, the ratio of left, right, and total psoas area to the vertebral body area was considered. Tertiles were computed for these new variables using different cutoff points for males and females. Besides the tertile cutoff points, the median cutoff point was also investigated.
In addition to absolute psoas size, we also attempted to normalize psoas size based on each individual patient's stature. Intuitively, patients with smaller stature will tend to have smaller psoas sizes. As a result, these patients would not necessarily be sarcopenic nor at risk for shorter survival. Our method of normalization of psoas muscle size with body habitus consisted of calculating the ratio of psoas muscle area to vertebral body area as a separate variable for morphometric analysis. The primary outcome measure was overall survival, which was measured from the date of the patient's scan to date of death. For patients who were still alive at the time of analysis, survival was calculated to the most recent documented follow-up evaluation.
statistical Analysis
The median survival in days along with the corresponding 95% confidence interval (CI) was computed for all patients, as well as subsets of interest. Cox proportional hazards regression analyses were done to estimate the hazard ratios (HRs) and test for differences in the variables of interest. All testing was done at the 0.05 level. The statistical program SAS (version 9.4, SAS Institute) was used for data analysis.
results
There were 168 patients with spinal metastases from lung cancer identified and included in this study. There was 1 person without a right and total psoas measurement because of the location of the tumor. Patient demographics can be found in Table 1 . The average age (± SD) at the time of CT scan was 65.3 ± 11.3 years, with a range from 33 to 97 years old. Ninety (54%) of the patients were male. There were 78 patients (46%) with single-level metastases and 90 (54%) with multiple-level metastases. There were 24 patients (14.3%) treated surgically in this series, with 6 (3.6%) undergoing instrumentation.
The median survival for all patients was 185.5 days (95% CI 146-228 days). The associations of overall survival with age, sex, and the number of levels were not significant (Table 2) . Comparisons of psoas size with survival can be found in Table 3 . When considering the total and mean psoas tertiles, no significant differences in survival were detected. However, the difference between patients above and below the median of total psoas size and the median of mean psoas size was significant, with patients below the median having shorter survival (HR 1.43, p = 0.025 for total psoas size; HR 1.42, p = 0.026 for mean psoas size). The Kaplan-Meier survival curves for this data set provide a visual representation of the differences in survival between these two groups ( Fig. 1) . Using the left psoas only, patients in the lowest tertile (smallest psoas size) had significantly shorter survival (median 139 days) as compared with the middle (median 164 days, p = 0.038) and highest (median 263 days, p = 0.011) tertiles. Survival of the lowest tertile was also significantly decreased when compared with a combination of the other two tertiles, 139 days versus 222 days, respectively (p = 0.007). The Kaplan-Meier survival curve for morphometrics based on left psoas size is shown in Fig. 2 . No significant differences were detected for the right psoas, using both tertile and median cutoff points.
We also performed a similar analysis using values for psoas size that were normalized for patient size by calculating a ratio of psoas muscle area to vertebral body area (Table 4) . When applying this ratio to total psoas size, patients in the lowest tertile had statistically significant shorter survival as compared with the combination of the other two tertiles (HR 1.49, 95% CI 1.07-2.07, p = 0.017). This normalization increased the sensitivity of our morphometric analysis, as total psoas size tertiles without normalization to vertebral body size did not show any statistically significant differences in survival ( Table 2 ). The Kaplan-Meier survival curves of total psoas size to vertebral body ratio are shown in Fig. 3 . Similar results were found for the ratio of left psoas size to vertebral body size, as patients in the lowest tertile had significantly shorter survival than a combination of the other two tertiles (HR 1.47, 95% CI 1.06-2.04, p = 0.021). No significant differences were detected for the ratio of right psoas size to vertebral body size.
Discussion
Since the publication of Patchell et al.'s seminal study on surgical treatment of patients with spinal metastases, 39 there has been an interest in spinal oncology as a subspecialty and subsequently a growing body of literature regarding outcomes on the subject. 4, 5, 20, 27, 42 Surgical decision-making for this population can be challenging. While surgery can improve overall survival and neurological outcome, and provide pain control, these procedures delay cancer treatments (chemotherapy and radiation) and are resource intensive. 3, 14, 18, 21, 22, 51 Surgical risk is also high, with postoperative morbidity as high as 76%, 7 which may diminish any benefit of surgery and hasten patient demise.
Several authors have reported different classification schemes attached to surgical decision-making algorithms to treat the patient with spinal metastasis in general. 11, 26, 45, 52, 53 However, these scoring systems have a limited prognostic capability. 14, 41, 49 With continued refinements to surgical technique as well as advances in implant technology, surgeons are able to undertake increasingly ambitious resections followed by complex reconstructions.
1,25,35 An objective assessment of fitness for surgery would provide insight into which patients are better surgical candidates. There is a recently established and objective scoring system designed specifically to predict functional outcome and survival in surgical patients with lung cancer metastases to the spine; [29] [30] [31] [32] this system uses markers of disease severity (visceral metastases, multiple-level metastases, inability to ambulate, etc.) to predict surgical outcome and survival. Our work differs in several ways. Our work identifies at-risk patients independent of the extent of metastases and in a nonsurgical population, and so it may be applicable in a broader sense. Psoas size, as a surrogate for frailty, has been verified to be predictive of morbidity and mortality after both general 9,10,17,28,40,46,56 and spine surgery. 57 While our current results did not focus on morbidity and mortality after oncological surgery, we did show that patients who were sarcopenic, as measured by a morphometric analysis of psoas size, had decreased survival. This morphometric parameter can be applied in conjunction with other classification criteria to help guide surgical decision-making. An observation of small psoas size and risk of shorter survival could be useful in determining if a patient is unfit for surgery.
The use of the vertebral body measurement to successfully normalize body habitus has been performed in trauma patients, 8 as well as in the assessment of peripheral vascular disease, 48 with mixed results. Its current application-to predict mortality in oncological patients-is novel. The impetus for finding a way to normalize each patient comes from the observation that patients who have a small body habitus may not be sarcopenic, and would be falsely classified as more frail by measuring lean muscle mass alone without normalization. The vertebral body, in a nonpathological state, maintains its size independent of age. 34 Because the origin of the psoas muscle size is on the transverse process of the spine, it is intuitive that a normal psoas muscle size should be in proportion to the size of the vertebral body. Calculating a ratio between psoas size and vertebral body size could provide a more accurate measurement of sarcopenia.
It is important to note that we observed a statistically significant relationship with survival when looking at total psoas size, mean psoas size, and left psoas size, but not for the right psoas. These results were maintained even after internal normalization with vertebral body size. On closer analysis of our previous results predicting morbidity after lumbar spine surgery, 57 we also found that the right psoas size did not provide statistical significance, but total psoas size, mean psoas size, and left psoas size did. In coordination, these two findings suggest that this observation may be a reflection of reality, whereas the left psoas muscle may be a better indicator of sarcopenia or frailty. To our knowledge, this is the first time that this phenomenon has been identified in the psoas size morphometric literature. We are unable to identify a plausible rationale at this moment, although we hypothesize that left cerebral hemispheric dominance causes attenuation of right-sided sarcopenia due to the more frequent use of that side. Ultimately, further and more comprehensive studies are required to explore this finding to definitively conclude whether this observation is a true reflection of the general population.
Our study illustrates that morphometric analysis of psoas size is predictive of survival in patients with lung cancer metastasis to the spine. These findings have potential applications to oncology as well as neurosurgery. Lung cancer is common and the leading cause of cancer death in the world. 54 The 5-year survival rate for patients with lung cancer is poor-only 17% of patients in all stages of the disease-with only a 2% 5-year survival rate for patients with Stage IV cancer. 15 All patients in our cohort had Stage IV lung cancer, given that all had distant metastases to the spine. 36 From an oncological perspective, there are treatments available at this stage of lung cancer, but current guidelines recommend basing treatment strategies on a patient's performance status. 47 To date there are no studies that directly compare performance status with frailty. However, it has been reported that frail patients may have poor performance status, but a poor performance status does not always indicate frailty. 12, 43 Our results suggest that analytical morphometrics as a measurement of frailty can be predictive of survival in patients with lung cancer. The ultimate utility of this finding, which can only be achieved after further testing and validation, would be to use psoas size to guide oncological treatment by identifying those patients who are better suited for aggressive interventions.
The chief limitation of our study is its retrospective nature. While the electronic medical record is robust, we are unable to account for any hidden bias associated with retrospective studies. Prospective multicenter studies would be necessary to further validate our findings.
Conclusions
Morphometric analysis of psoas size can be used to predict survival in patients with lung cancer metastases to the spine. With further work and validation, this information could be used to select patients who are appropriate candidates for surgery and for the tailoring of oncological treatment regimens. Further research is needed to confirm these results and to see if these methodologies can be applied to other cancer histologies. 
